where l  is the average thickness of the liquid resting on a heating surface at the formation of the coalesced bubble.
In saturated nucleate boiling at high heat flux under atmospheric pressure, several investigations confirmed the existence of a liquid-rich layer beneath the large coalesced bubbles by using a conductance probe method [2, 3, 4, 5] , an optical probe method [6] , or an optical method with transparent heating surfaces [7, 8] .
Ono and Sakashita [9, 10] measured liquid-vapor behaviors in the vicinity of a heating surface by using a conductance probe method for saturated and subcooled pool boiling in the subcooling range from 0K to 40K where large coalesced bubbles are able to form and detach from the heating surface. Through these measurements, they confirmed that there is a macrolayer beneath the coalesced bubbles even at very high heat fluxes in subcooled boiling above the CHF in saturated boiling, and the dryout of the macrolayer occurs locally at a high heat flux region close to the CHF and spreads rapidly over the surface with slight increases in the heat flux. In transition boiling under atmospheric pressure, the macrolayer evaporates and the heating surface dries out before the coalesced bubble detaches, as indicated by measurements of void fractions near the surface with the conductance probe [5, 11] , measurements of surface temperature fluctuations [12, 13] , and direct observation of the heating surface [14] . Figure 1 shows the variations in the coalesced bubble 
Experiments
Water was used as the boiling liquid. Boiling behaviors were observed in the pressure range from 0.1 to 5MPa, and the CHF was measured from 0.1 to 7MPa. Figure 2 shows the high-pressure cell used in the present experiment. The cell is cylindrical in shape with an inner diameter of 50mm, and a height of 150mm. Sapphire windows and electrodes are installed in both sides of the cell. Figure 3 shows a detail of the test section. The heating surface is made of nichrome, 20m thick, 4mm wide, and 27.5mm long and heated with a DC power supply. To avoid end effects on CHF, a clearance of 5mm was provided between the supporting plate and the electrodes. As the saturation temperature becomes higher at higher pressures, it is difficult to fix the nichrome foil and the supporting resin plate with adhesives. In the present study, therefore, the supporting resin plate was pushed against the heating surface by springs without use of adhesives. To check that there is no inflow of water between the heating surface and the supporting resin plate, an experiment where the heating surface was fixed to the plate with an adhesive was also conducted under atmospheric pressure. As there were no differences between the CHF values measured with the surfaces fixed with the adhesive and with the springs, it was concluded that there was no liquid inflow beneath the heating surface. The heat generated in the electrodes, outside the heating surface was about 5% of the whole of the heat input, and this was deducted from the heat input in the estimates of the wall heat flux. There was no correction for the heat loss from the heating surface to the supporting resin plate. The wall heat flux was calculated by Q/(L·W), where Q is the corrected heat input, L and W are length (27.5mm) and width (4mm) of the metal foil, respectively.
Before each run, the heating surface was polished by emery paper, washed with acetone and distilled water, and then attached to the electrodes. Then the high-pressure cell was filled with de-ionized water (electric conductivity less than 0.2 μS/cm) and decompressed with a connected vacuum pump to boil the water at room temperature. This decompressed boiling was continued for about half an hour to ensure that the water was fully degassed. Then the water was heated to a saturation temperature by heaters winded around the high-pressure cell and maintained at that level by adjusting the input of the heaters and flow rate of cooling water through cooling coils. In the measurements of CHF, the voltage supplied to the metal foil was increased gradually and the heat flux just when the physical burnout of the foil occurred was defined as the critical heat flux. The boiling behavior was observed using a high-speed video with 600 fps and a microscope with a maximum 320-fold magnification.
Experimental results
As an example of boiling behavior in the low heat flux region at high pressures, Fig.4 shows the results obtained at 5MPa. In Fig.4 -(a), fine primary bubbles detach from two active nucleation sites. The number of active nucleation sites increases with increases in the heat flux (Fig.4-(b) ). Consequently, the primary bubbles coalesce partly and some of the bubbles detach as coalesced bubbles (Fig.4-(c) ). The heat flux of 
In equation (2) , N Eo and N Ja * are the Eötvös and modified Jakob numbers defined respectively as
The present data scatter widely in the high pressure region, and those at 5MPa
are larger than Semeria's data obtained with the 2mm in diameter horizontal cylinder, but show a similar tendency to that of Semeria's results where the primary bubbles diminish in size almost inversely in proportion to pressure. figure) , the bubbles detach as huge coalesced bubbles with diameters several tens to hundreds of times larger than those of the primary bubbles.
In Fig.7 , the values of the Taylor instability wavelength given by the following equation are also shown.
The Taylor instability wavelength lies close to the maximum diameter of the coalesced bubbles at each pressure. This result may suggest that the maximum diameter of the detached coalesced bubbles is restrained by the Taylor instability.
At heat fluxes lower than the CHF, however, the detached bubble diameter is smaller than the Taylor instability wavelength, and the behaviors of such smaller bubbles would be independent of the Taylor instability. Zuber [20] with K=0.131 in equation (6) and by Lienhard and Dhir [18] with K=0.149.
It has been known that the CHF values predicted by the Zuber and Lienhard correlations agree well with the ethanol data of the CHF by Cichelli and Bonilla [21] measured for an upward facing horizontal surface in a wide range of pressures. For water data of the CHF, the correlations predict smaller values than the data, but agree with the variations with pressure.
As for the CHF of water at high pressures, Kazakova [22, 23] 
Solving equation (7) with the initial condition r=0 at t=0, the relation between diameter and frequency of detached bubbles becomes
There are various forces acting on the coalesced bubbles, such as buoyancy, drag, added mass inertia, momentum flux by vapor blowing, and a wake flow effect of the previously detached coalesced bubbles. The purpose of this section is to derive a correlation arranging the measured data, and it was assumed that the coalesced bubbles move under a force balance between buoyancy and drag forces. The momentum equation of a coalesced bubble is, therefore, written as
The drag coefficient in the right hand side of equation (9) is assumed as similar to a bubble rising in a stagnant liquid as
In equation (10), the bubble Reynolds number is defined by
and the exponent m in equation (10) is determined from the experimental data.
Solving equations (7) to (10) 
where A is a group of constants and given by 
With the exponent m in equation (12) (14) into equation (8) 
This correlation agrees fairly well with the data of Shoji [5] in the lower heat flux region. Rajvanshi et al. [4] measured the macrolayer thicknesses for various liquids at atmospheric pressure using a conductance probe, and found that the data agree with twice the magnitude of the Haramura and Katto correlation as 
Equation (17) correlates the data of the macrolayer thickness well. The data here were indirectly determined using equation (1), from the data of the CHF and frequency of coalesced bubbles for various liquids in the pressure range from 0.03MPa to 0.4MPa.
Assuming that equations (15) to (17) also apply at high pressures, the CHF was predicted by substituting equations (14) and each of equations (15) to (17) into equation ( (15) by Haramura and Katto are smaller than the data as equation (16) predicts half the macrolayer thickness of equation (17) .
The increases in the predicted CHF with pressure are mainly attributed to the macrolayers calculated from equations (15), (16) , and (17) becoming thicker because an increase in pressure lowers the vapor blowing rate G 0 at the CHF point, as shown in Fig.8 .
Conclusions
Observations of boiling behaviors from low heat flux to the CHF were carried out for saturated water boiling on a horizontal, upward-facing rectangular 4mm wide plate in the pressure range from atmospheric to 5MPa. Further, the 
